Highly purified cytochrome cl, which consists of only one heme peptide and does not form a stable cl-c complex (cl-H-c complex), was used in studies of electron transfer between cytochromes cl and c. Results show that a stable and ionic-strength-sensitive cl-c complex (i.e., the cl-H-c complex) in the forms of the various oxidation states is not required, in contrast to the current belief of the participation of the complex in the electron transfer between cytochromes cl and c. A minimum mechanism for electron transfer between these two cytochromes is suggested in accord with the experimental results.
The molecular mechanism for electron transfer between cytochrome c1 and cytochrome c remains to be clarified. The kinetics of this reaction were first studied (1) using purified preparations of cl (2) that contained two polypeptides, the cytochrome c1 and the hinge protein. These could form a stable complex with cytochrome c (c1-H-c complex), sensitive only to ionic strength (3) . The small hinge protein was required for the formation of this complex (4) . Recently, electron transfer between cytochromes c1 and c has been reinvestigated by Konig et al. (5) using a c1 preparation claimed to contain only one heme peptide (6) . They suggested the stable c1-H-c complex as an intermediate in the electron-transfer mechanism (5) .
We have studied the reaction of the electron transfer between cytochrome c and pure monomeric cytochrome cl containing only one polypeptide without the hinge protein (7, 8) . Because (13, 14) . The temperature of syringes and mixing chamber of the stopped-flow were maintained at ±0.1°C with a circulating Haake bath model f3-Q. Rapid-scan absorption spectra were measured with a multichannel photodiode (maximum speed, 95 x 103 nm sec-1). The spectra were stored in a memory unit and then analyzed with a digital computer system. The kinetic responses were found to be first order, and the observed rate constants (kobs) were determined from a nonlinear least-squares analysis using a computer fitting program. Single values of rate constants reported are the average of at least five experimental determinations. Kinetic constants have been estimated with an error not exceeding ±20%.
Absorption spectra were obtained at 20°C or 2°C using either a Cary 219 or an Aminco DW-2 spectrophotometer equipped with a thermostatted cells holder (15 The k0A at either 417 or 408 nm were found to be equal to 48 ± 9 sec-1 (Fig. 4) but did not agree with values for any of the following constants: k(c2j+), k(c3+), k[(c2) + (c3+)] or k(cWi)(c3 ). The amplitude of the difference spectra depended on cl concentration (at least from 0.75 to 5 ,M) as shown in Fig. 4 . However, the amplitude of the spectra and the rate constants were found to be independent of the ionic strength of cacodylate buffer used from 0.02 to 0.5 M.
For the back-reaction (C3l with c2+), the phenomena obtIn this paper, the cl-c complex, or more accurately the cl-hinge protein-c complex (c1-H-c complex), of the type as previously reported (3) requires a small protein (i.e., the hinge protein) for the complex formation (4 Fig. 1B except in reverse order. The spectrum number 4 is the base line (the flat spectrum) because the spectra were computer-calculated difference spectra against the reference of the final spectrum-i.e., 96 msec (cf. Fig. 1 ). Scanning time for each spectrum was 2 msec. All others are the same as in Fig. 1, except rate of reactions was investigated. Kinetic experiments were performed while lowering the temperature step by step. We chose to decrease the temperature as the reaction between c1 and c was very fast, even at 2TC. Ethylene glycol at 40% (vol/vol) was used to maintain the medium fluid when the temperature was decreased to -24TC (16). The pH, termed "paH" in hydroorganic media, was adjusted accordingly to 7.4 in the temperature range used (10, 11) . Using the concentrations of C2+ and c3+, 2.5 1LM and 0.5 ,uM, respectively, the rate constant, kobs, obtained at 2TC, in the presence of 40% (vol/vol) ethylene glycol was higher than in pure aqueous buffer of 20 mM cacodylate (pH 7.4); it was 120 and 48 sec', in the presence and absence of ethylene glycol, respectively. When the temperature was lowered, it decreased-i.e., at -50C, kob, was 90 sec'.
At both 20C and -50C, the same characteristic spectral variations could be observed at 416 nm as in pure aqueous buffer (20 mM cacodylate, pH 7.4). However, when the temperature was lower than -20TC, the spectral variations at 416 nm were not observed; instead, the spectral characteristics with maximum at 408 nm appeared (Fig. SA) . At -10TC, practically no signal was evident (Fig. 5B) . These observations may have been consequent on a variation of equilibrium between the two complexes as in (C2+ C3+) 7± (C3+C2+) through possible intermediates. No accurate activation energy for this process can be estimated. Between 20C and -50C, it is only possible to guess it to be 6 ± 2 kcal M-1 (1 cal =
J).
These results suggest that at least two intermediates are formed in the course of electron transfer between cl and c, according to the following mechanism:
:± (c I c3 ) T-± (c 1 c ) +-± c [1] where K1 and K3 symbolize rapid equilibria with association constants for the first and last steps >>106 M-1. The two rate constants (kob,) for the direct and forward reactions are the same within experimental error.
Kinetically, there is a rather simple reaction-a unimolecular reversible process as in Eq. 2. [2] with the equilibrium constant K = k2/k_2.
These results are quite different from those reported (5) 1 1 glutamic acid residues are linked consecutively (7) . There is no spectral absorption at >300 nm, and even the absorption coefficient at the 280-nm region is very low because there is no tyrosine or tryptophan, but only two each of disulfide linkages and phenylalanine residues (8) . The protein spectrum does not contribute to the visible absorption spectra of cytochrome cl or cytochrome c (unpublished data). The question remains whether the complexes which appear at low temperatures are relevant to electron transfer at room temperatures.
